The ratoon rice system is an energy-saving, high-efficiency cultivation method. Harvests from a two-year field trial with a main crop (MC) and a ratoon crop (RC) were used to evaluate milled grain quality traits and yield performance. The results indicated that chalkiness was significantly lower in the RC than in the MC. Chalkiness ranged from 1.90 to 15.01%, with an average of 6.46%, in the MC and from 0.66 to 3.28%, with an average of 1.50%, in the RC across two years. In addition, nearly all of the RC of the test entries had lower white vitreous (higher translucency) than the MC of the same entry. In 6 of the 20 entries, the MC had longer or wider milled grain than the RC in 2017. The milled rice recovery for the MC was higher in both years, but there was no difference in head rice recovery within the same year. The average total yield (MC+RC) in the two years was 12.6 and 13.0 t/ha, and the two-year average RC yields were 47.5 and 37.3% those of the MC. Our results revealed that the RC milled grains showed better appearance quality than the MC grains, and several genotypes had comparable or even better milled grain quality and yield compared with the check entries that were suitable for the ratoon rice system.
Introduction
As one of the most important staple foods, rice feeds nearly half of the population in the world. However, with increasing human population and decreasing arable land, rice yield must be doubled by 2050 to meet food demand (Nathaniel et al., 2012) . There are two ways to improve crop yield: increase the yield per unit of land (Cassman et al., 2003) or harvest the existing cropland more frequently (Ray et al., 2013) . For the former strategy, crop yields have experienced plateaus in recent years (Grassini et al., 2013) , and for the latter, ratoon rice would be one of the choices (Chen et al., 2018) . The ratoon crop (RC) is the second harvest from the tillers originating from the stubble of the previous crop, known as the main crop (MC); the growth duration of the RC is shorter, approximately 40% shorter than the 100-120 days required for the MC (Krishnamurthy et al., 1988) . For this reason, it is suitable for areas where the annual accumulation of solar radiation and temperature is in excess of the requirements for a single season but not enough for a double season. In addition, a ratoon crop saves seed costs and approximately 50% of labor and 60% of water costs because it is free of land preparation, seeding or transplanting, unlike the MC (Flinn et al., 1988; Oad et al., 2002) ; thus, ratooning is the most suitable cropping system in areas where labor and water are in short supply. Due to its shorter cropping duration, fewer inputs, such as fertilizer and pesticides, are needed in RCs. For the merits mentioned above, ratooning is practiced increasingly in the USA, Southeast Asia and China (Nakano et al., 2007) .
Studies have shown that attention should be given to achieving ratooning success. Variety characteristics are the major factor for ratoon success because varieties used in ratooning will be exposed to different day lengths, temperatures and amounts of sunlight in the main season and ratoon season, so varieties with wider adaptability behave better in ratooning practice (Sun et al., 1988) .
Low temperatures after the main season will prevent ratoon development, so earlier planting is another factor for ratoon success. In addition, it has been reported that the harvest mode of the main crop will also affect ratooning. First, the best harvest time for the main crop is before full maturity, while the culms are still greenish in color; late harvest will reduce the number of auxiliary buds sprouting and thus reduce productive tiller and ratoon yields (Ichii et al., 1981; Xiong et al., 1991) . Second, the stubble is left with a 2-3 node or 20-40 cm height because panicles from the upper node contribute more to the ratoon yield than those from the lower node (Yi et al., 2009; He et al., 2014) . Insect pests and disease control during the main crop also play key roles in ratooning. Unlike a rice-rice rotation system, ratooning prolonged the duration of rice serving as a host of diseases or insect pests, so these biotic stresses in the main crop would affect ratoon tiller production, thereby reducing ratoon yield. Therefore, varieties with high biotic stress resistance are very important for ratooning (Dela Cruz et al., 1988) .
The grain quality of rice, including grain appearance, grain size, and grain milling quality, is genetically controlled by quantitative trait loci (QTLs) or genes such as Chalky 5, qPGWC-7 and UGPase1, which control grain chalkiness (Woo et al., 2008; Zhou et al., 2009; Li et al., 2014) ; Wx and DULL, which affect grain translucency (Wan et al., 2007; Zeng et al., 2007) ; and GW2, GS3 and GW5, which control grain size (Mao et al., 2010; Liu et al., 2017; Choi et al., 2018) . Some QTLs control grain size also have an effect on grain chalkiness, such as upregulation of GW7 expression is correlated with more slender grains and less chalky grains (Wang et al., 2015a) ; overexpression of GL7 resulted in an increase in grain length and improve in grain chalkiness (Wang et al., 2015b) . Head rice recovery is influenced by grain characteristics, such as chalkiness, grain shape, and grain moisture (Moldenhauer et al., 2004) , and some QTLs related to milled rice recovery and head rice recovery have been mapped (Mei et al., 2002; Septiningsih et al., 2003) .
Environmental conditions, especially temperature, also have a great influence on grain quality. It has been reported that high nighttime temperatures during the filling stage increase grain chalkiness (Cooper et al., 2008; Ishimaru et al., 2009 ) and decrease grain weight and grain translucency (Peng et al., 2004; Ishimaru et al., 2009 ). As mentioned above, the main crop and ratoon crop are genetically the same, but they are exposed to different environments during growth and development, so different grain quality could be expected between them. However, no detailed study has been conducted yet. In addition, variety identification is practiced in the United States, and the harvests from the MC are always mixed with the RC in a bin of the same variety to facilitate storage. However, it is not clear whether the quality difference in the MC and the RC affects the practice of identity preservation. Therefore, a detailed study comparing grain quality between the MC and the RC will be a helpful guide in ratoon rice production.
In this study, a two-year field trial was conducted using 18 elite tropical Japonica breeding lines and two check (CK) varieties to identify the grain quality differences between the MC and the RC, determine the potential effects of mixing MC and RC harvests and screen for elite breeding lines with high total yield for ratooning rice production.
Method

Rice Entries and Culture
The two-year field experiments were conducted at Eagle Lake (29°37′ N, 96°22′ W), Texas, USA. Each year, 18 elite tropical Japonica breeding lines with similar growth durations and two CK varieties, ANTONIO as a yield check and PRESIDIO as a grain quality check for MC/RC, were planted in plots arranged in a completely randomized block design with three replications. Each plot had 6-meter rows spaced 25 cm apart. Entries were directly seeded at a rate of 90 kg ha -1
. Fertilizer for the MC was applied in a 3-way split: preplanting at 50-50-50 kg NPK ha -1 using Triple 13, preflooding at 100 kg N ha -1 using urea and at panicle initiation at 90 kg N ha -1 using ammonium sulfate. A fertilizer rate of 90 kg N ha -1 using urea was applied immediately after the MC harvest as ratoon fertilizer. The Texas rice production guidelines were followed for the other cultural practices. A rice combine harvester was used in both the MC and RC harvests with cutting heights of approximately 38 and 25 cm, respectively. Note. Data followed by different letters within one row denote a significant difference between the main crop and ratoon crop in a given year (difference was calculated for four data points over two years) for each test entry at the 5% level according to the LSD test. Means followed by bold letters within one row denote significant differences between the main crop and ratoon crop across two years for all test entries at the 5% level according to the LSD test.
Data Recorded
Four inner rows in a plot were harvested as they approached 20% grain moisture. Rough (unmilled) rice samples were dried to 12% moisture using an ambient-forced-air dryer. Rice milling was performed using a PAZ 1 Zaccaria mill (Zaccaria, USA), while an S21 Rice Statistical Analyzer (TKD Tecnologia, Brazil) was used to evaluate milled rice for chalkiness, translucency and grain size (length and width). Chalky grains were defined as grains with chalky areas of at least 50%.
Data Analysis
Data were analyzed using SPSS 22 (IBM Corp). The difference between the MC and the RC was determined using the least significance difference (LSD) test at the 0.05 probability level. Graphical representation of the data was made using Excel and CorelDRAW X8.
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Yield Performance in the MC and RC Across Two Years
The MC in 2017 (with an average of 9.47 t/ha) yielded 10.6% more than the MC in 2016 (with an average of 8.56 t/ha). However, the RC in 2017 (with an average of 3.53 t/ha) yielded 13.30% lower than the RC in 2016 (with an average of 4.07 t/ha); as a result, no significant difference was detected for total yield (MC + RC) between these two years, with values ranging from 9.86 to 15.47 t/ha and an average yield of 12.63 and 13.00 t/ha, respectively. The RC yield was approximately half of the MC yield in both years, with an average ratio of 47.5 and 37.3% (Table 5 ; Figure 4 ). The total yield in the two years was statistically similar, but it varied with entry and crop type. All two-way interactions were found to be significant, but three-way interactions were not significant (Table 2) . Note. The numbers in the table indicate the correlation coefficient between different traits in the main crop and ratoon crop. MC, main crop; RC, ratoon crop; CY, chalkiness; WV, white vitreous; GL, grain length; GW, grain width; MRR, milled rice recovery; HRR, head rice recovery; YD, Yield. * : P < 0.05; ** : P < 0.01.
Correlation Analysis of All Evaluated Traits in the Main Crop and Ratoon Crop
The correlation coefficients for the relationships of all quality-related traits and yield in MC and RC are shown in Table 6 . Grain appearance, including grain chalkiness and translucency, correlated with grain size, e.g., MC chalkiness was positively correlated with MC grain width (0.32), and RC white vitreous was positively correlated with RC grain length (0.48). In addition, increased chalkiness in the RC resulted in increased white vitreous (0.62). Milled rice recovery and head rice recovery were positively correlated in the MC and RC, and grain length was correlated with milled rice recovery and head rice recovery in the RC.
Yield was also correlated with grain size or grain quality traits, e.g., increasing grain width in the MC was accompanied by increasing MC yield (0.48), and increasing MC yield resulted in decreasing MC white vitreous (-0.4). In addition, MC yield was negatively correlated with chalkiness and white vitreous in the RC, with correlation coefficients of -0.35 and -0.46, respectively, but no correlation was observed for RC yield.
Discussion
The ratoon rice system, as an energy-saving crop production method, has gradually become more common worldwide, but little is known about the grain quality difference between the MC and RC within the same rice varieties. Our results suggested that ratoon rice had a better appearance, with 4.96% lower chalkiness than main crop rice and higher translucency for most test entries in the two years. Additionally, some breeding lines, such as RU1603166 and RU1603178, had comparable quality traits with quality CK varieties, with consistently low chalkiness in both the MC and RC for two years. Although the milled rice recovery in the MC was higher than in the RC in both years, there was no difference in head rice recovery between the MC and RC in the same year.
e.g., RU1303138 and RU1303153 had similar MC and RC yields and higher total yields than CK ANTONIO, so these lines could be candidate donor varieties for ratoon production.
Rice chalkiness not only affects grain appearance and milling properties but also cooking quality, so it is a key determinant of the commercial value of milled rice. It has been well documented that chalkiness is controlled by polygenes (Wan et al., 2007; Woo et al., 2008; Zhou et al., 2009; Li et al., 2014; Gong et al., 2017) , resulting from loose packing of starch granules in the grain endosperm (Zhang et al., 2013; Lu et al., 2018) . However, chalkiness has also been reported to be sensitive to the environment, especially high temperatures during the grain filling stage, which accelerate ripening and result in loose packing of the starch granules, thereby greatly increasing the proportion of chalky grains (Cooper et al., 2008; Ishimaru et al., 2009; Chen et al., 2013) . Tashiro et al. (1991) reported that a temperature of over 26 °C during the filling stage would significantly enhance chalkiness, and Laenoi et al. (2017) reported that a variety with the chalkiest grain in the hot season had nearly no chalkiness in the cool season. Ratoon rice is a different cultivation system. In contrast to the main crop, the temperature during the RC total growth period decreased gradually. Considering the weather data during the growth period of the MC and RC in two years, a comparison was made of the average maximum and minimum temperatures of the MC and the RC from heading to maturity covering most of the test entries. The average maximum and minimum temperatures for the MC were 30 °C and 16 °C in 2016 and 30 °C and 19 °C in 2017 . These values were much higher than the maximum and minimum temperatures for the RC, of 12 °C and 0 °C in 2016 and 10 °C and 4 °C in 2017. The low temperature for the MC was nearly the highest temperature for the RC. The RC, therefore, was exposed to much lower maximum and minimum temperatures compared with the MC during the grain filling stage, which may be the main reason for the lower chalkiness of the RC.
A three-way ANOVA indicated that crop type had the most significant effect on chalkiness, so temperature difference may have played the key role in determining the chalkiness of the MC and RC milled grains. The yearly difference in average temperature for both the MC and the RC further affected the degree of chalkiness. As expected, genotype is a factor in grain chalkiness, which could be due to the QTLs that were reported. However, the interaction of genotype with crop type and year and the three-way interaction obtained in this study support the complexity of chalkiness as a trait to focus on in breeding programs. These complex interactions could be the reason for slow progress in breeding for low chalk in rice. The stability of low chalk across years and crop type is a very desirable trait, and achieving it could be challenging. It can be noted, however, that some entries, such as RU1603166 and RU1603178, were stable over the two years and had nearly the same chalkiness in both the MC and the RC; thus, they could be potential donors to a breeding program for low chalk.
It was reported that endosperm translucency had the highest correlation with chalkiness (Li et al., 2003b; Hao et al., 2009) , and its formation was also similar to chalkiness, in that endosperm with tightly packed starch granules and no air space is more translucent than endosperm with loosely packed starch granules and more air space ; thus, those genes that are related to starch synthesis and packaging affect grain translucency (Wan et al., 2007; Zeng et al., 2007) . Our results suggested the same; RC chalkiness had the highest correlation with RC white vitreous with a correlation coefficient of 0.62, but no correlation was observed between chalkiness and white vitreous in the MC. As in chalkiness, crop type had the most significant effect on translucency. Similarly, the year affected translucency but not the entry or genotype. No interactions were observed, indicating that this trait is less complex than chalkiness. Based on these results, it can be concluded that translucency was determined mainly by the environment.
Head rice recovery is a high-priority objective for breeders because the market value of head grain is twice that of broken grain. Many QTLs related to head rice recovery have been mapped, and some of them overlapped with QTLs that control grain length because long grains tend to break easily (Tan et al., 2001; Nelson et al., 2011) . However, our results showed that head rice recovery in RC was positively correlated with grain length.
Recent studies have identified several key QTLs and genes controlling grain size (Mao et al., 2010; Liu et al., 2017; Choi et al., 2018) , and the molecular mechanisms of grain size regulation are gradually becoming clearer (Li et al., 2018) . Aside from genetic control, it has been reported that environment has an effect on grain size; Funaba et al. (2006) reported that low temperature augmented grain weight for the extended grain maturity period. Our results indicated, although with lower average temperature and longer growth duration from heading to maturity, that some RC entries had smaller grain size (grain length or width) than the MC in 2017, but not in 2016. This may be due to environmental differences in different years and the shorter total growth period for RC. A three-way ANOVA also indicated that year had the most significant effect on both grain length and width, and crop type, but not entry, also affected grain width.
Grain size was also correlated with other quality traits and yield, and our results showed that wider grain width resulted in higher chalkiness in the MC but not in the RC. A similar result was also reported by Song et al. (2007) , that the GW2 allele for increasing grain width had a negative effect on grain chalkiness. In addition, the RC grain length had a positive correlation with white vitreous readings in MC and RC, indicating that increasing grain length had a negative effect on grain translucency.
Rice yield is a complex trait determined by its three components: grain weight, the number of grains per panicle and the number of panicles; many QTLs for these traits have been mapped, cloned or functionally characterized, e.g., OsNPF7.2 and MOC1 control tiller number in rice (Li et al., 2003a; Wang et al., 2018) ; GS3 and GW2 control grain size or weight (Mao et al., 2010; Choi et al., 2018) ; and Gn1a and PROG1 control grain number (Ashikari et al., 2005; Jin et al., 2008) . In addition, yield always had a positive correlation with growth duration (Ying et al., 1998) , so the RC yield was only approximately half that of the MC because the total growth duration of the RC was only approximately 60% that of MC. However, with the aid of different component-of-yield-related genes or QTLs in each entry, those with better ratooning ability could be selected as candidate donors for ratoon production. For example, RU1303138 had the highest total grain yield, and its RC yield was 82.10 and 58.00% of MC in 2016 and 2017, respectively. In addition, several others also yielded much better than the yield CK, ANTONIO.
A three-way ANOVA indicated that yield was a complex trait affected by many factors. Crop type had the most significant effect on yield, followed by entry; in addition, two-way interactions among years, crop type and entries were also observed. Yield was also correlated with quality traits, such as higher yield resulting in lower white vitreous (better translucency) in MC and RC.
A common practice in the U.S. while ratooning is to combine both MC and RC harvests of a variety in a bin for convenient storage and to maintain the varietal identity. Based on our results, we concluded that ratoon grain could help improve the quality of the mixture because of its good appearance (lower chalkiness and higher translucency). However, the instability of the grain size between the MC and the RC should be considered to minimize the nonuniformity of the grain size of the mixture. Currently, in China, rice grain is classified into four types according to its origin: ratoon grain, late-season grain, middle-season grain and early-season grain. The price decreases from the first classification to the fourth. The price of the RC grain is nearly two times that of the MC grain because, generally speaking, the ratoon crop, due to the low temperatures during its grain filling stage, has the best grain quality. Thus, for higher profit, the MC and RC could be stored and sold separately, which would be a good choice for U.S. rice growers.
Conclusion
A comparison of milled grain quality and yield from the MC and RC was conducted in this study, it was shown that RC grains had better appearance quality, including lower chalkiness and higher translucency, than the MC grains; in addition, some MC entries behaved larger grain size in one or two years. Therefore, RC harvests can be mixed with their corresponding MC harvests to improved total grain quality of a variety when variety identification is being practiced. For better uniformity in grain size of the mixture of MC and RC, data on grain length and width should be considered during this practice. Some breeding lines had better and near stable ratooning ability and yield more than CKs, so they could be donors in breeding for ratoon rice production.
